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Goals
• Use existing science to characterize and 

represent the uncertainty in the tactical and 
environmental picture due to uncertainty 
about environmental features that affect 
acoustic detection and classification of 
threats.

• Improve prosecution of threats 

Focus on active acoustic sensors
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Overview
• Provide: 

– measures or estimates of the uncertainty in 
environmental parameters relating to the ocean and 
bottom; 

– methods of efficiently propagating this uncertainty 
through acoustical models; 

– methods for estimating and representing the effect of 
environmental uncertainty on estimates of tactical 
quantities such as target state.

– tools for computing and mitigating the resultant 
uncertainty at all levels of the process.
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Key Questions
• How to merge ocean circulation with internal 

waves to generate sound speed distributions
– Role of dynamic ocean models

• How to characterize bottom uncertainty?
• How to propagate uncertainty through an active 

acoustic model to improve state estimation of a 
target?

• Can we compute and represent the uncertainty in 
estimation of target state variables resulting from 
environmental uncertainty?
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Notional Architecture
METOC is the ocean environment
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Modular Oceanographic Data 
Assimilation System (MODAS)

MOODS Profiles

Green line represents
profile derived only
using satellite measured
height and temperature

Satellite
Measured
SSH and SSTMODAS Climatology

Decades of edited MOODS 
profiles are used to derive 
statistical relationships 
between surface height and 
temperature and subsurface 
temperature and salinity

Relationships are stored on
an irregular mesh, varying
from 1 to 1/8 degree in
resolution to permit high
resolution analyses in shallow
water regions

Climatology
MODAS Synthetic
Final Analysis
In Situ BT
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MODAS Uncertainty
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Real sound speed
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• Variance vs depth does not capture the proper vertical, spatial and 
temporal coherence
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Dynamic oceanography
• Hydrostatic (NCOM) Model

– Produces realistic T and S fields for small to moderate amplitude 
internal waves and other small aspect ratio features

– Uses realistic coastlines and bathymetries
• Simulations of the Chesapeake Bay and adjoining shelf
• MidAtlantic Bight
• East China Sea

• Nonhydrostatic models
– Lamb and U. of Hamburg 2D and Smolarkiewicz 3D
– Produces realistic T and S fields for moderate to large amplitude 

internal waves and other large aspect ratio features
– Uses simplified coastlines and bathymetries (at present)

• Simulations of Yellow Sea 
• Primer area in MidAtlantic Bight
• Strait of Messina
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Internal Waves
• Estimate average N (vertical density gradient) and its 

uncertainty from the MODAS and/or dynamic model T 
and S fields. 
– Note: depth dependence of N(z) determines the vertical structure 

(vertical mode shapes), and magnitude of N determines the energy
level and frequency range

– Average N(z)
• Initially assume horizontally uniform
• Use MODAS and/or dynamic model mean T&S

– Uncertainty in N(z)
• Estimate uncertainty in both magnitude and depth dependence
• Use MODAS and/or dynamic model to estimate statistics of T&S and

mixed layer depth
• Estimate uncertainty by having assumed horizontal uniformity

– …….
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Internal Waves
• Determine Internal Wave Spectrum

– Continuum frequency
• Begin with the continuum wavefield using modified Garett-Munk like model
• Use model modal distribution and anisotropy

– Internal tide
• Sometimes important
• No model available, but could apply some ad hoc parameterization

– High frequency wave packets
• Sometimes important
• No model available, but could apply some ad hoc parameterization

• Combine the estimates of N and its uncertainty with internal wave 
variability
– Produce vertical displacement field as a random process using internal 

wave spectrum and uncertainty in N
– Use vertical displacement field with MODAS and/or dynamic model 

mean sound speed profiles c(z) and its uncertainty to specify a random 
c(z,t) for use by acousticians.
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Geophysical-Acoustic 
Bottom Interaction Model (GABIM)
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Characterize bottom 
uncertainty

Symbol Defin ition Sho rt Name
ƒ Freque ncy o f s ou nd in water (Hz) Freque ncy

C1
Wate r s ou nd s pe ed (m/s ) at the
water/se diment interface

Water s ou nd Speed

ρ(Ζ)
Ratio o f se dimen t mass den s ity to
water mas s dens ity

Densit y Ratio prof ile

ν(Ζ) Ratio o f se dimen t so und sp eed  to
water so und sp e ed

Sound spe e d ratio  profile

δ(Ζ) Ratio o f imagi nary waven umber to
real waven umber for the s e diment

Loss paramete r profile

σ2(Ζ)∗
Ratio o f se dimen t vo lume
s cattering c ross s ecti on to
s edimen t atten uation coe ffici e nt

Volume  parameter profile

γ2

Expone nt o f s ediment relie f
s pec trum of the w ater/se diment
interface

Sedi ment Spe ctral
expo nen t

ω2

Stren gth of s edi ment relie f
s pec trum (m4) o f the
water/se diment interface at
waven umber 2π/λ = 1 µ-1

Sedi ment Spe ctral
s trength

∗     In the cas es wh ere aniso tropic vol ume sca ttering is req uired, σ2 is replace d by optio nal value s .
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Bottom characterization
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Uncertainty Issue 1. Each sediment has a mean grain size of 5.3. Surface
reflectivity,  porousity, permeability are significantly different.

Each curve has a mean grain size of 5.3 - surface 
reflectivity, porosity, and permeability are 
significantly different.
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Inverting for bottom 
parameters

New guess at 
bottom loss and 
backscatter

Environmental Model

Simulated
Reverberation

Reverberation
Statistics

Cluster Analysis

Clustering &
Statistics

Clustering &
Statistics

Measured
Reverberation 

∆ Amplitude
∆ Frequency
∆ Time

etc.

Sonobuoy
Or 

Ship sonar

Sonobuoy
Or 

Ship sonar

The Real World 
Reverberation

etc.etc.

Bottom
• Scattering, Loss

Surface (from wind)
• Scattering, Loss

Bottom
• Scattering, Loss

Surface (from wind)
• Scattering, Loss

Propagation
• Sound Velocity
• Bathymetry

Propagation
• Sound Velocity
• Bathymetry

Nonlinear
• Cost Function
• Constraints

Nonlinear
• Cost Function
• Constraints

Optimizer

Environmental Data

• Bathymetry
• Sound Velocity
• Wind Speed
etc.

• Bathymetry
• Sound Velocity
• Wind Speed
etc. Compare until 

small difference

∑
When  small difference 
between model and data

Bottom loss, backscatter vs grazing 
angle or geoacoustic parameters

Bottom loss, backscatter vs grazing 
angle or geoacoustic parameters

Parameters Estimated
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SEPES sensitivity
matrix for bottom loss

This is an inverted view 
of the same surface
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Acoustic Modeling
Internal wave displacement field 

Large scale ocean
+

Internal Waves

6 kHz 
acoustic  field 
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Acoustic modeling with 
uncertainty

• Begin with PDFs with PE
• Compare with CASS/GRAB

– Gaussian Ray Bundle propagation, active model

• Brute force Monte-Carlo calculation
– 8 networked PCs

• More efficient calculations to generate acoustic PDFs
– Importance Sampling
– Interpolation: complicated multivariate distributions can be 

constructed (estimated) using local approximations. 
• Gaussian mixture distributions
• Neural Nets based on Monte Carlo

– Sensitivity of inputs to outputs is a useful attribute
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Notional Architecture
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Echo Tracker Classifier

Beamforming Waveform
Detection
Waveform
Detection NormalizationNormalization

Direct Blast
Processing
Direct Blast
Processing

Fine Bearing
Estimation

Fine Bearing
Estimation

Towed Array &
Bistatics Only

Signal Processing

Clustering &
Feature

Extraction

Clustering &
Feature

Extraction
Single Ping

Filtering
Single Ping

Filtering
Detection &

Tracking
Detection &

Tracking
Multi-Ping

Classification
Multi-Ping

Classification

Information Processing
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Improving DCL via ETC
Why ETC?

• ETC is the baseline standard for automated detection, 
classification, and localization in active sonar ASW.

• Thus, improvements in DCL for ETC may serve as a  
transition to and integration with existing 6.3 efforts

How will Capturing Uncertainty Improve ETC?
• Through acoustic modeling, we can understand how 
aspects of the environment impact performance.

• Allows for environmental conditioning of DCL algorithms.
• Likelihood functions may be incorporated to improve
fine bearing estimation, clustering, and tracking.
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Parallel tracks of 
development

Acoustic Modeling
(acoustic pdfs) State estimation

Bayesian Tracking
(METRON)

Signal Processing
&

Probabilistic Modeling
(ARL-UT & METRON)

Improved ETC 
information processing

(ARL-UT)

Bayesian Tracking 
& Classification

Feature attributes
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Signal Generation 

Signal Excess PDF
Over Location, Frequency, and Multipaths:

•Transmission Loss
•Reverberation Loss
•Transit Time
•Source & Receiver Angles

Acoustic Modeling
(acoustic pdfs)

Acoustic Modeling
(acoustic pdfs)

∑ +−=
i

ii tntstr )()]([)(
beam)(per  Signal Received 

0 τηα∑

•Select ownship, target information
•Determine target impulse response
•Select transmission source s(t)
•Generate noise n(t)
•Determine beam patterns

•Select ownship, target information
•Determine target impulse response
•Select transmission source s(t)
•Generate noise n(t)
•Determine beam patterns
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Target State Estimation

Likelihood Functions:
•Position (3 variables)
•Velocity (2 variables)
•Signal Excess Error

Replica CorrelationReplica Correlation

Signal Excess Estimation
from

Acoustic Models

Signal Excess Estimation
from

Acoustic Models

∑ +−=
i

ii tntstr )()]([)(
beam)(per  Signal Received 

0 τηα∑

NormalizationNormalization

Estimation of 
Target Parameters:

•Range
•Bearing
•Radial Velocity
•Aspect

Estimation of 
Target Parameters:

•Range
•Bearing
•Radial Velocity
•Aspect

Bayesian
Tracking

Bayesian
Tracking
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Likelihood Ratio Tracker
• Work with ARL/UT to identify and define the likelihood 

functions from the Echo Tracker Classifier (ETC)
– Estimated range of contact
– Estimated bearing
– Observed SNR.

– the error in the signal excess estimate
• from target state (position and velocity) to the sensor

• Design an LRT to use the likelihood functions
– Add another state variable - error in the signal excess estimate

• Develop methods of calculating and displaying the effect 
of uncertainty (SE) on the estimate of target state produced 
by the LRT 
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Likelihood Ratio Tracker

• LRT is a discrete non-linear Bayesian track-before-
detect system for processing sensor responses to 
determine the presence and state of a target

• Using likelihood functions to represent sensor 
information LRT integrates these responses over time 
and space to increase detection probability without 
increasing false alarm rate

• LRT is capable of tracking multiple targets
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LRT Processing Flow
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Schedule
FY 02 FY 03 FY 04

Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Ocean Volume U D R
MODAS
Internal Waves
Ocean Dyanmics modeling

Bottom Characterization U D R
Geoacoustic Characterization
GABIM
Inversion

Acoustic Modeling U D R
PE with fluctuations
CASS/GRAB uncertainty
Small Scale approximations
Large Scale issues
Acoustic Model emulation

Target Estimation U D R
DCL
Tracking

Notes:
U = define initial Uncertainty interfaces
D = initial demonstrations (in specific area such as New England Coast)of uncertainty couplings.
R = refine Uncertainty interfaces based on sub-component examples at end of FY 02

1) Couple the ocean mean sound speed and error to internal wave fields
2) Compare CASS/GRAB acoustic fluctuations due to internal waves with existing PE calculated fluctuations
3) Begin Monte-Carlo calculations of active sonar with METOC probability distributions

1

2

Insert ocean impulse response uncertainty

Insert ocean dynamics into uncertainty process

Acoustic model efficient calculation/emulation

Initial use of uncertainty in tracking
Couple acoustic model derived uncertainty to tracking and S&IP

Use inversion uncertainty to upgrade geoacousticsConvert SEPES to derive uncertainty

3

Non-real time 
demonstration of
sub-components 
working together in 
FY 04

Determine geoacoustic Uncertainty

Utilize Uncertainty in ETC Couple ETC with tracking - improve features

Sensitivity of GABIM to uncertainty

to be used in efficient model calculation

NN training using Monte Carlo outputs
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Transitions
• ONR 6.3 FNC on Uncertainty
• NAVOCEANO
• SPAWAR PMW 155
• PEO(MUW)/PMS 411
• PEO(A)/PMA 264
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Summary

• 6.2 team will be exploring characterization 
and application of uncertainty
– Multidisciplinary team
– Strong transitions

• Project is focused on key issues
– Transition to system application in future
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Key Questions
• How can we merge uncertainty in large-scale circulation with the 

uncertainty created by internal waves to generate a distribution of sound 
speed profiles? What is the value of a dynamic model versus a statistical 
approach? What is the contribution of internal waves to uncertainty and 
how many modes are needed?

• How we can characterize uncertainty in the ocean bottom sediments either 
through historical data or acoustic inversion techniques that can be used to 
generate a distribution of local bottom conditions?

• Given uncertainty of the ocean sound speed and the bottom can we
develop techniques to efficiently propagate the uncertainty through active 
acoustic models to components (e.g., transmission loss, arrival structure, 
interference) that can be used for tactically relevant (i.e., real-time) state 
estimation of undersea targets? 

• How does the fidelity of the model impact uncertainty?
• Can we compute and represent the uncertainty in estimation of target state 

variables (e.g., position, speed, and classification) resulting from 
environmental uncertainty?
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